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ABSTRACT The sub-satellite track of geosynchronous synthetic aperture radar (GEO SAR) presents the
figure ‘‘8’’ or ‘‘O’’, which causes the great changes of platform motion direction and the different projection
of anisotropic irregularities along the line-of-sight (LOS) direction. Due to the almost equal angle velocity to
that of Earth, the GEO SAR has smaller ionospheric penetration point (IPP) scanning velocity which is much
smaller to the counterpart of the low earth orbit SAR (LEO SAR) while is comparable to the drifting velocity
of irregularities, which will affect the effective azimuthal velocity. These facts lead to the consequence that
the satellite signals from the GEO SAR would become more vulnerable when they are transmitted in the
environment where the ionospheric scintillation occurs. However, few works are focused on these mentioned
issues towards the GEO SAR system. In this paper, the impacts of ionospheric scintillation on GEO SAR
imaging will be analyzed considering the anisotropy and drifting velocity of irregularities. The anisotropy
and drifting velocity effects can both originate from the effect on power spectral density (PSD) of phase
screen which is used to model the ionospheric scintillation effects. Based on the data from international
geomagnetic reference field (IGRF) and satellite tool kit (STK), the GEO SAR imaging simulations for
different GEO SAR orbital configurations and positions are carried out. The simulation results demonstrate
that the anisotropy and the drifting velocity of irregularities will cause the changes of stripe direction and
affect the quality of GEO SAR images.

INDEX TERMS Anisotropy, drifting velocity, geosynchronous synthetic aperture radar (GEO SAR),
ionospheric scintillation.

I. INTRODUCTION
The ionospheric irregularities in the ionospherewill introduce
the amplitude and phase fluctuations to the signals from the
geosynchronous synthetic aperture radar (GEO SAR), i.e.
ionospheric scintillation [1], which will introduce the light
and dark stripes and defocusing on SAR images. The low
frequency synthetic aperture radar (SAR) system such as
L-band and P-band will be affected seriously by ionospheric
scintillation, and the light and dark stripes on SAR images

The associate editor coordinating the review of this manuscript and
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have been observed in low earth orbit SAR (LEO SAR) [2].
The phase screen (PS) theory is a popular method to analyze
the effect of ionospheric scintillation and lots of researches
were carried out on the L-band and P-band LEO SAR imag-
ing using PS theory [2], [3]. Meyer et al. made quantita-
tive analyses of ionospheric scintillation on SAR imaging
using Advanced Land Observing Satellite (ALOS) Phased-
Array type L-band SAR (PALSAR) data near the equator,
concluding that the ionospheric scintillation will introduce
the amplitude and phase fluctuations and cause imaging defo-
cusing [4]. The irregularities will drift zonally driven by the
geomagnetic field, which affects effective scales of observed
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irregularities and causes SAR images defocusing. Kim et al.
analyzed the influences of the drifting equatorial irregularities
in the F region on SAR imaging by the diffraction stripes,
and proposed a method to estimate the height and drifting
velocity of irregularities by the observation geometry [5].
Besides, the distortions introduced by ionospheric scintilla-
tion can be corrected by Faraday rotation estimates and the
proposed methodology has been validated using simulated P-
band spaceborne SAR data in accordance with the character-
istics of BIOMASS satellite [6]–[8].

In general, the irregularities elongate along the geomag-
netic field. The angle between the track direction of LEO
SAR and geomagnetic field is approximately invariable
within the synthetic aperture time (SAT), which indicates that
the anisotropy of irregularities have few effects on LEO SAR
during SAT. Besides, the ionospheric penetration point (IPP)
scanning velocity of LEO SAR can be up to thousands of
meters per second, which is larger than the drift velocity of
irregularities (about hundreds of meters per second in low
latitude area). Thus, the effective azimuthal velocity is inde-
pendent on the IPP scanning velocity. However, compared to
the LEO SAR, L-band inclined GEO SAR is more sensitive
to anisotropy drifting ionospheric irregularities. The sub-
satellite track of GEO SAR is figure ‘‘8’’ or ‘‘O’’ [9] and the
direction of platform changes greatly during the observation
time, which causes great effects of the anisotropic irregulari-
ties on GEO SAR imaging. Furthermore, the angular velocity
of GEO SAR is equivalent to that of the Earth rotation, lead-
ing to the IPP scanning velocity of GEO SAR is comparable
to the drift velocity of irregularities in some orbital positions.
Both of two velocities will affect the effective azimuthal
velocity. However, most of the researches of ionospheric scin-
tillation based on LEO SAR system are concentrated on the
observation and verification and few that about the modelling
of effects of irregularities on GEO SAR system.

Currently, the performance analysis of ionospheric scin-
tillation on GEO SAR was carried out based on the point
spread function [10] and scintillation sampling model [11],
along with some equivalent validation experiments based on
global navigation satellite systems [12]. The high latitude
anisotropic irregularity effects were analyzed based on the
observations of ALOS PALSAR [13], [14]. However, these
studies didn’t consider the influences of anisotropy and drift-
ing velocity of irregularities on GEO SAR imaging for area
targets.

This paper studies the impacts of anisotropic and drifting
irregularities on GEO SAR based on the modified power
spectrum density (PSD). The outline of this paper is as fol-
lows. In section II, the PSD of phase screen is modified
based on the anisotropy and drifting velocity of irregularities.
The ionospheric transfer function (ITF) based on the PS
theory and the influenced GEO SAR signal are proposed in
section III. In section IV, area targets at different GEO SAR
orbital positions of different configurations are simulated and
compared with the LEO SAR results. The paper is concluded
in section V.

II. THE MODIFIED POWER SPECTRAL DENSITY
The ionospheric scintillation status can be modeled as a
thin phase screen, and the random phase introduced by the
irregularities can be obtained by its PSD. With the influences
of geomagnetic activity, the drifting ionospheric irregularities
will be elongated along the geomagnetic field and will obvi-
ously show anisotropic characters. The different projection
of anisotropic irregularities along the line-of-sight (LOS)
direction can be introduced by the significant variations
of the GEO SAR motion. Besides, due to the similarity
between the IPP scanning velocity of GEO SAR and the drift-
ing velocity of irregularities, the signal propagation process
would become sensitive to the drifting velocity. Therefore,
the PSD of random phase should be modified considering the
anisotropy and drifting velocity of the irregularities.

A. GEOMETRY OF GEO SAR AND IONOSPHERIC
IRREGULARITIES
The amplitude fluctuations caused by the anisotropy of iono-
spheric irregularities are shown as light-dark stripes on SAR
images, whose direction depends on the geomagnetic field
and the direction of satellite motion, that is, the direction of
stripes is Eu× (El × EB) [4], where Eu is the ‘‘up’’ unit vector, El is
the vector of radar line of sight, EB is the vector of geomagnetic
field. This direction relates to the heading of radar beamwhen
the irregularities are projected on the SAR image.

Fig.1 shows the geometrical relationship of the geomag-
netic field and GEO SAR. Sn points to geomagnetic north
and the irregularities elongate along the geomagnetic field B
whose projection on the horizontal plane is Sn. The latitude
and longitude of IPPs are (ϑ, ζ ), z0 points to ground, k is
the wave propagation direction, kP is the beam projection
on the horizontal plane, vsat is the GEO SAR velocity in
the horizontal plane which can be obtained by satellite tool
kit (STK), ψ is the magnetic inclination, χ is the magnetic
declination, θ is the incident angle, and all these angles are
measured at (ϑ, ζ ). ϕ is the magnetic heading of the radar
beam and 1 =

∣∣ϕ + π/2∣∣ is the magnetic heading of the
platform motion (assuming that right side of geomagnetic
north is positive for left-lookingGEOSAR), which represents

FIGURE 1. The geometrical relationship of the geomagnetic field and
GEO SAR.
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the angle between platform motion and geomagnetic field.
The smaller |1− π | (when1 is larger thanπ

/
2 ) or1 (when

1 is smaller than π
/
2) leads to the more aligned of platform

motion and geomagnetic field.

B. MODIFIED PSD AFFECTED BY ANISOTROPY
The PSD of phase screen can be expressed as Rino
spectrum [2]:

Sφ0
(
κx , κy;ϑ, ζ

)
=

λ2r2e sec
2 θab

(
2π
/
1000

)p+1 CkL[
κ20 +M (ϑ, ζ ) κ2x + N (ϑ, ζ ) κxκy + P (ϑ, ζ ) κ2y

](p+1)/2
(1)

where κx and κy are the wavenumbers in directions of
geomagnetic north and east, re is the classic electron radius,
CkL is the vertical integrated scintillation strength of 1 km
scales, L0 is the outer scale and p is the spectrum index. The
coordinate transformation coefficientsM ,N andP depending
on the directions of signal propagation and the geomagnetic
field can convert the coordinate system where the irregular-
ities are located to the SAR coordinate system for further
analysis [15]:

M (ϑ, ζ ) = C11 + C33 tan2 θ cos2 ϕ − 2C13 tan θ cosϕ

N (ϑ, ζ ) = 2
[
C12 + C33 tan2 θ sinϕ cosϕ
− tan θ (C13 sinϕ + C23 cosϕ)

]
(2)

P (ϑ, ζ ) = C22 + C33 tan2 θ sin2 ϕ − 2C23 tan θ sinϕ
C11 (ϑ, ζ ) = a2 cos2 ψ + sin2 ψ

(
b2 sin2 δ + cos2 δ

)
C22 (ϑ, ζ ) = b2 cos2 δ + sin2 δ
C33 (ϑ, ζ ) = a2 sin2 ψ + cos2 ψ

(
b2 sin2 δ + cos2 δ

)
C12 (ϑ, ζ ) = C21 =

(
b2 − 1

)
sinψ sin δ cos δ

C13 (ϑ, ζ ) = C31 =

(
a2 − b2 sin2 δ − cos2 δ

)
sinψ cosψ

C23 (ϑ, ζ ) = C32 = −

(
b2 − 1

)
cosψ sin δ cos δ (3)

where a and b are the scale factors which are along and
perpendicular to the axis of ionospheric irregularities, respec-
tively, and a:b is the anisotropy ratio.

The two-dimensional phase screen can be obtained from
filtering the complex Gaussian random sequence by a filter
which is constructed from PSD [16]:

φ (x, y) = IDFT
[√

Sφ0
(
κx , κy;ϑ, ζ

)
·
[
(2π)2 /LxLy

]
·

√
1
/
2 (g1m + ig2m)

]
(4)

where Lx and Ly are the length and width of phase screen, and
gim is the independent complex Gaussian variable (0-mean,
1-variance).

Assuming that the PS extends along the geomagnetic north
and east, the PS needs to be set the spacing to determine
the wavenumber in the SAR coordinate system. The azimuth

spacing 1Sa and the range spacing 1Sr of SAR image are:

1Sa =
VS
PRF

1Sr =
c
2fs

(5)

whereVS is radar velocity relative to the ground,PRF is pulse
repetition frequency, fs is sampling frequency, and c is light
speed. The ground sampling spacing is 1Sgr = 1Sr/sin (γ )
and γ is the incident angle. The geomagnetic north and east
spacings of PS can be obtained from rotating the azimuth and
the ground sampling spacings by −ϕ [2], that is:

1Se =
∣∣1Sgr sin (−ϕ)−1Sa cos (−ϕ)− v0e/PRF∣∣

1Sn =
∣∣1Sgr cos (−ϕ)+1Sa sin (−ϕ)− v0n/PRF∣∣ (6)

where v0e and v0n are the geomagnetic east and north drifting
velocity of the irregularities, respectively.

C. MODIFIED PSD AFFECTED BY THE DRIFT VELOCITY
Irregularities in low latitude have zonal drifting velocity with
a typical value of around 100m/s [17]. The effects of drifting
velocity on GEO SAR and LEO SAR are different. Fig.2 is
the IPP scanning velocity in one day of GEO SAR and LEO
SAR, where the parameters are from Table. 1. For LEO
SAR, the drifting velocity is much smaller than the IPP scan-
ning velocity which is up to several kilometers per second,
as shown in Fig.2 (a). The effective velocity only depends on
the IPP scanning velocity, and the effects of drifting velocity
can be ignored for LEO SAR. However, the IPP scanning
velocity of GEO SAR is at the same level as the irregularities
drifting velocity as shown in Fig.2 (b), and the effective
velocity will depend on the both of two velocities. Thus,
the drifting velocity of irregularities needs to be considered
for GEO SAR.

FIGURE 2. The IPP velocity of LEO SAR and GEO SAR (big figure ‘‘8’’ nadir
track) with one day. The orbital parameters are from Table 1. (a) LEO SAR
IPP velocity (b) GEO SAR IPP velocity

TABLE 1. Satellite parameters.

Assuming that Ev0 is the irregularity drifting velocity and
points to geomagnetic east-west, which is constant within
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the SAT under the assuming of ‘‘frozen field’’. Therefore,
the random fluctuation ξ (Er, t) of electron density satisfies:

ξ (Er, t0 + t) = ξ (Er − Ev0t, t0) (7)

and the autocorrelation function Bφ (Er, t) satisfies:

Bφ (Er, t0 + t) = Bφ (Er − Ev0t, t0) (8)

where Er represents the spatial position and t represents the
slow time. Bφ (Er, t) can be modified by drifting velocity as:

Bφ (Er, t) = Bφ0 (Er − Ev0t) = Bφ0

(
Evi
Er
Evi
− Ev0
Er
Evi

)
= Bφ0

(
Eveff
Evi
Er
)
= Bφ0 (βEr) (9)

It can be found that the drifting velocity causes a scale
change, where Evi is the IPP scanning velocity, Eveff is the rela-
tive velocity of IPP scanning velocity and drifting velocity,
which represents the effective azimuthal velocity of GEO
SAR. Assuming that irregularities drift along the latitude,
the relative velocity Eveff can be expressed as [15]:

veff =

√
PV 2

ex − NVexVey +MV 2
ey

MP− N 2/4
Vex = − (Vix − tan θ cosϕViz)

Vey = v0 −
(
Viy − tan θ sinϕViz

)
(10)

where Vix , Viy, and Viz are the magnetic north, magnetic
east, and vertical downward components of the IPP scanning
velocity, respectively, and β = veff /vi is the velocity scale
index. For LEO SAR, the IPP scanning velocity is much
larger than the irregularities drifting velocity (vi � v0), that
is, veff ≈ vi and β ≈ 1. Thus, the drifting velocity can be
ignored for LEO SAR. At some orbital locations of GEO
SAR, β will vary with the drifting velocity and will not be
constant at 1, which will affect the PSD of the random phase.

According to the Wiener-Sinqin theorem, the phase auto-
correlation function and its PSD are Fourier transform pair,
i.e. B0φ (Er)←→

S0φ

(Eκ). The modified PSD can be obtained by:

Sφ (Eκ) =
1
β
Sφ0

(
Eκ

β

)
= βp

λ2r2e sec
2 θab

(
2π
/
1000

)p+1 CkL(
β2κ20 +Mκ

2
x + Nκxκy + Pκ2y

)(p+1)/2 (11)

It can be indicated that when |β| is larger, the cut-off
frequency of PSD is larger and the coherent length is smaller,
which will cause the stronger scintillation intensity on the
SAR image.

III. GEO SAR SIGNAL INFLUENCED BY IRREGULARITIES
The ionospheric scintillation will introduce the amplitude and
phase errors on GEO SAR signal, which can be expressed by
ionospheric transfer function(ITF) [2]:

DITF (x) = IFFT
{
exp

[
i
κ2x

2k0
z sec θ

]
FFT

{
eiφ(x)

}}
(12)

where z is the distance from phase screen to receiver, κx is
the frequency of wavenumber domain which is the Fourier
transform of azimuth position x, θ is the incident angle,
k0 = 2π

/
λ is the wavenumber, and φ (x) is the random phase

introduced by the irregularities, i.e. phase screen.
Due to the large imaging scene of GEO SAR, the irregu-

larities generate different amplitude and phase fluctuations to
the signal at different pulse repetition times (PRT). Besides,
the ITFs at different IPP positions are also different for every
synthetic aperture time (SAT), as shown in Fig.3. A, B, and C
are IPPs which have different latitudes and longitudes of the
target P for different SAT. Therefore, ITF can be expressed
by the function of spatial sampling u, latitudes ϑ , and longi-
tudes ζ , i.e. DITF (u;ϑ, ζ ).

FIGURE 3. The ionospheric scintillation effects on GEO SAR signal
propagation for different IPP positions and different SAT.

The ideal signal of GEO SAR can be written as:

s0 (t, u) = Wr

(
t −

2R
c

)
Wa (y− u)P

(
t −

2R
c

)
(13)

where u is the spatial sampling in azimuth, P is the waveform
of signal, Wr and Wa are the envelope functions of range
and azimuthal direction, respectively. The propagation of the
signal in the irregularities can be divided into two parts: the
down-propagation from GEO SAR to the ground, and the
up-propagation from ground back to GEO SAR.

Considering the IPP A, when the signal propagates from
GEO SAR to the ground, the signal model in the presence of
ionospheric scintillation can be written as:

s1r (t, u)=σps0(t, u)· DITF
(
up;ϑA, ζA

)
=σ ′p · s0(t, u) (14)

where σp is the scattering coefficient of target p and (ϑA, ζA)
is the latitudes and longitudes of IPP A. σ ′p = σps0 (t, u) rep-
resents that the scattering coefficients of every point targets
in the imaging area are modulated by DITF (u;ϑA, ζA) during
observation time. It is noted that this method can get rid of
the assumption of small scene assumption in LEO SAR [2].

When the signal propagates from the ground back to GEO
SAR, the signal will be affected by ionospheric scintillation
at different spatial positions, so the different amplitude and
phase fluctuations are introduced in the aperture:

s2r (t, u) = σ ′p · s0 (t, u) · DITF2 (u;ϑA, ζA) (15)
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where DITF2 (u;ϑA, ζA) is the ITF introduced in the different
spatial positions for IPP A.

Assuming that the irregularities are stationary random
processes during the propagation time and their statistical
properties do not vary with time, it can be considered that
ITFs are equal when the signal propagates up and down [11],
i.e.:

Ddown (u;ϑA, ζA)=Dup (u;ϑA, ζA) = DITF (u;ϑA, ζA) (16)

Then the area target echoes can be obtained by summing
these of multiple point targets:

siono (t, u)

=

∑
p

sp (t, u)

= DITF (u;ϑA, ζA)
∑
p

σp · DITF
(
up;ϑA, ζA

)
s0 (t, u) (17)

Therefore, the influences of ionospheric scintillation on
GEO SAR signals can be expressed in two parts: 1) when
the signal propagates from GEO SAR through ionosphere to
the ground, the ITFs are directly modulated on the scattering
coefficients of the ground targets, appearing the light-dark
streaks on the SAR image; 2) when the signal returns to GEO
SAR, the ITFs can be superimposed on signals at different
spatial positions and affect the coherent accumulation of
echoes.

IV. SIMULATIONS AND DISCUSSION
A. SIMULATING SCENE SELECTION
Due to the large imaging scene of GEOSAR, the IPP velocity,
the geomagnetic field and the magnetic heading are different
in different orbital positions. The ALOS configuration is
also used to simulate the LEO SAR condition, which can be
compared with the GEO SAR results. Firstly, in this section,
we select 3 locations in 2 GEO SAR configurations and
1 location in LEO SAR configuration to analyze the effects of
anisotropy and drifting velocity on imaging. The GEO SAR
and LEO SAR configuration parameters and phase screen
parameters are as in Table 1 and Table 2, respectively, where
the height of ionosphere is set as 350km.

TABLE 2. Phase screen parameters.

The GEO SAR and ALOS sub-satellite tracks are in Fig.4,
where three points are selected for each GEO SAR and the
interval between two adjacent points is 600s. The IPP velocity
of GEO SAR is much smaller than that of LEO SAR which
is about 7km/s. The point of ALOS is selected above near the
equator. The geographic north N and geomagnetic north Sn
are marked in the figure.

Assuming that the drifting velocity of the irregularity is
100 m/s along the geomagnetic east, the geomagnetic field

FIGURE 4. The sub-satellite tracks of GEO SAR and ALOS (a): Big ‘‘8’’ GEO
SAR (b): Small ‘‘8’’ GEO SAR (c): ALOS PALSAR.

parameters ϕ, ψ , χ and θ at the IPP locations shown in
Table 3 can be obtained from the International Geomagnetic
Reference Field (IGRF) and the geometrical relationship
in Fig.1. In the following, these parameters are used to simu-
late the phase screen and imaging process.

TABLE 3. Parameters of geometry for different satellite configurations.

S4 and σϕ are used to evaluate the strength of scintillation
generally, which are defined as:

S4 =

√(〈
A2ITF

〉
− 〈AITF 〉2

)/
〈AITF 〉2

σϕ =

√(〈
P2ITF

〉
− 〈PITF 〉2

)
(18)

where AITF and PITF are the amplitude and phase of ITF,
respectively, and 〈·〉 represents mathematical expectation.
In general, S4 and σϕ reflects the strength of amplitude and
phase scintillations.

B. SIMULATING RESULTS
The ionospheric fluctuations are generated based on the PS
theory and imposed into the ideal SAR image. The whole
results are shown in Fig.5, including the phase screen results,
the ITF amplitude and phase fluctuations, the contaminated
images by scintillation, the point target in center of the scene
whose scattering coefficient is increased by 40dB before
processing, and the azimuth envelope of the point target. The
ionospheric scintillation will not affect the range imaging,
so we only consider the azimuth. Besides,1 can be calculated
from Table 3 and β can be obtained from the satellite tool kit
(STK) as shown in Table 4. S4, σϕ , and peak sidelobe radio
(PSLR) of point target are also calculated as shown in Table 4.

From Table 4, it can be seen that the 1 or |1− π | of D,
E, and F are smaller than A, B, and C, which means more
aligned of platform motion and geomagnetic field. In this
condition, the S4 of D, E, and F are smaller than A, B, and C.
Besides, the σϕ and sidelobes of A, B, and C are higher than
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FIGURE 5. The simulating results at position A to F of GEO SAR and compared results of LEO SAR.

TABLE 4. 1, β, S4, σϕ , and PSLR of GEO and LEO system.

D, E and F. These behaviors indicate that the more aligned
of platform motion and geomagnetic field cause the weaker
amplitude fluctuation and the better imaging quality.

From Fig.5 and Table 4, it can be seen that the larger β will
cause the stronger scintillation intensity. Therefore, the β of
A and E are larger, leading to that S4 and σϕ are also larger
than others. When other parameters are almost same (A is
compared with B and C, and E is compared with D and F),
the larger β causes higher PSLR and more serious image
defocusing.

From the form of stripes in Fig.5, it can be seen that
the oblique angle of phase screen stripes is related to the
propagation angle θ . The ITFs are generated after correction
by θ , and the oblique angles of ITF stripes on SAR image are
related to the heading of radar beam ϕ.
For LEO SAR results, it can be seen that β ≈ 1 and the

change of drifting velocity has few effects on SAR imaging.
Besides, the1 is much smaller than that of GEO SAR, which
causes the better imaging quality.

To sum up, firstly, the angle of platform motion and geo-
magnetic field will affect the strength of scintillations. The
more aligned GEO SAR position with geomagnetic field
causes the smaller amplitude scintillation strength and the
better the imaging quality. Secondly, the drifting velocity will
also affect the strength of scintillations and image quality.
The larger β causes the stronger scintillation intensity and
the more serious image defocusing. Besides, the oblique
angles of light-dark stripes on the SAR image are related
to the geometry of satellite and geomagnetic field. Finally,
the change of drifting velocity has few effects on LEO SAR
imaging and the smaller 1 compared to that of GEO SAR
causes the better imaging quality.

V. CONCLUSION
The paper models the effects of drifting anisotropic irregular-
ities onGEOSAR imaging by themodified PSD and analyzes
the amplitude and phase fluctuations introduced by iono-
spheric scintillation through the ITF which is different for
various IPP positions. The SAR imaging verification is car-
ried out at 3 selected positions of the big ‘‘8’’ and small ‘‘8’’
GEO SAR, respectively. The geomagnetic field parameters
are obtained from IGRF and the velocity and direction of
GEO SAR motion are obtained from STK, which are reli-
able enough to verify the analysis. The simulation results
demonstrate that the GEO SAR system is sensitive to the
anisotropic and drifting ionospheric irregularities. Firstly, the
angle between platform motion and geomagnetic field will
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mainly affect the strength of scintillations. The more aligned
of two directions causes the smaller amplitude scintillation
strength and the better imaging quality. Secondly, the drifting
velocity will affect the strength of scintillations and imaging
quality. The larger β causes the stronger scintillation intensity
and the more serious image defocusing, while the drifting
velocity has few effects on LEO SAR. Finally, the oblique
angles of light-dark stripes on the SAR image are related to
the geometry of satellite and geomagnetic field.
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